In this final report, I present the recent development of our free-space THz wave imaging and its application. This report gives an overview of our ARO supported THz tomographic imaging project and its related science and technology.
A THz wave tomographic imaging system is capable to provide real-time, large-scale, longdistance, three-dimensional (3D) images. Like conventional X-ray CT systems, the THz system will provide 3D mapping of structured objects, but without subjecting biological tissue to harmful radiation. In addition, it will offer important spectroscopic information that conventional systems cannot supply. The instrumentation will provide real-time images across an ultra-wide frequency band, extending from 100 gigahertz to 10 THz, at a variable frame rate from singleshot up to 1,000 frames per second, and it will be able to non-invasively image moving objects, turbulent flows, or explosions.
I. BACKGROUND
Terahertz (THz) waves, a form of electromagnetic radiation, occupy a large portion of the electromagnetic spectrum between the infrared and microwave bands. THz time-domain spectroscopy and related THz technologies can help us view the world in new ways, because they offer innovative imaging and sensing technologies that can provide information not available through such conventional methods as microwave and X-ray.
Compared to the relatively well-understood science and technology in microwave and optical frequencies, however, basic THz science and technology is in its infancy. There is, for example, no database of the spectral response of biomedical samples in the THz frequency range.
As THz wave (T-ray) technology improves, it has the potential to impact an almost limitless number of interdisciplinary fields, including communications, microelectronics, imaging, medical diagnosis, health monitoring, environmental control, agriculture, forensic science, and chemical and biological identification [1] . The explosion of interest in this once ignored field is shown by the fact that 1,400 pulsed THz wave papers have been published since 1990 (see Figure 1(a) ). This rapid growth in interest in T-Ray technology has been spurred by the potential of a new sensing and imaging technology that offers major advantages over equipment now in use. T-rays have low-photon energies (4 meV @ 1 THz, for example,) and therefore do not subject biological tissue to harmful radiation [2] . In comparison, typical x-ray photon energy is in the range of keV, which is 1 million times stronger than the energy of THz wave photons. In addition, microwave and X-ray imaging modalities produce only density pictures, while THz wave imaging also provides spectroscopic information within the THz frequency range. The unique rotational, vibrational, and translational responses of materials within the THz range provide information that is generally absent in optical, X-ray, and NMR images. In principle, these transitions are highly specific to the molecule and therefore enable fingerprinting with THz-waves. (a) (b) Fig. 1 (a). INSPEC shows that over 1,400 papers in pulsed THz generation, detection, propagation, and application were published since 1990. (b). The field distribution among the papers collected from leading journals during the past 6 years. Even though the percentage of papers on THz imaging is low, it has increased rapidly in recent years.
Since the onset of pulsed THz wave imaging in 1995 [3] , various THz-wave imaging modalities have been proposed, developed, and demonstrated for numerous applications . They include electro-optic imaging [4] , time-of-flight imaging [6] , single-shot imaging [10] , near-field imaging [16, 21] , dark-field imaging [27] , bistatic THz-wave imaging [33, 34] and THz-wave computed tomography (CT) [36] [37] [38] . Reports on the development of selected pulsed THz-wave imaging modalities since 1995 include: • T. II. TERAHERTZ WAVE TOMOGRAPHY Figure 2 schematically illustrates the concept. The target sample is mounted on a rotation stage, which allows it to be rotated, and a two-dimensional (2D) THz image is obtained at each projection angle.
Radon transform Fig. 2 . Illustration of THz wave computed tomography. The target is scanned in the t direction and rotated. The detected signal is the line integral of the complex impedance (attenuation and phase) of the target. In this way, the spatial (x, y) domain is mapped to the domain (θ, t).
THz wave computed tomography is a novel technique for tomographic imaging with pulsed terahertz radiation. THz-wave CT extends THz imaging to the mapping of 3D structured objects. In addition to providing sectional images of objects in a manner analogous to conventional computed tomography techniques such as X-ray CT, the THz approach also provides spectroscopic information for target identification. THz-wave CT is inspired by the now ubiquitous X-ray CT system. The hardware is a relatively simple extension of modern transmission-mode THz imaging systems.
The data can then be processed using the filtered back-projection algorithm to reconstruct the refractive index and absorption coefficient at every position within the sample volume by inverting the Radon transform:
The Radon transform assumes a shadow model and does not consider diffraction effects, nor does it account for the direction dependent Fresnel loss encountered in THz-wave CT. In Eqn.
(1), P is the measured projection data, θ is the projection angle, t is the horizontal offset of the projection from the axis of rotation, and f(x, y) is the projected slice of the sample that we wish to reconstruct. The measured data is assumed to be a simple line integral. This reconstruction algorithm can be performed to reconstruct a number of features from the measured data depending on the desired application. The amplitude of the THz pulse and the timing of the peak of the pulse are prime examples. The reconstructed amplitude image gives a 3D image, which depends on the bulk absorption of the sample in the far-infrared (including Fresnel losses) while the reconstructed timing image provides a refractive index map of the sample in 3D. Using the phase information, which is equivalent to the timing of the scattered THz pulse, leads to a 3D image of the index of refraction.
In the typical pulsed THz wave real-time imaging system, THz pulses are generated using a regeneratively amplified Ti:sapphire laser incident on a wide-aperture biased photoconductive antenna. The laser delivers pulses of 800 nm (near-infrared) light with a pulse width of 100 femtoseconds. The laser pulses trigger a photocurrent in a GaAs photoconductive antenna, which results in the emission of broadband pulses of THz radiation. The THz radiation is then focused and transmitted through the target.
Using telescope lenses, the pump and probe beams are expanded to a diameter larger than the target. The transmitted THz pulse is measured using 2D EO sampling, where it modulates the polarization of the probe pulse in a <110> ZnTe EO detector crystal. The polarization-analyzed probe pulse is then detected using a CCD camera. The frame rate of this camera theoretically will allow a full 3D target to be imaged within one minute.
Data acquisition speed is an important concern in all THz imaging systems, and it is of particular concern for THz-wave CT because multiple images of the object must be obtained. For this reason a linearly chirped optical probe beam is used for EO detection of the THz pulses [8] . By using this technique, the full THz waveform is measured simultaneously, dramatically accelerating the imaging speed. The target is then raster scanned in x and y dimensions to form a 2D image. This technique is still quite time-consuming; a typical image of 100x100 pixels measured at 18 projection angles can take over an hour. Fortunately, there are several methods available to improve this speed. Performing 2D THz imaging with a high speed CCD camera (1825 frames/second) may potentially reduce the acquisition time to a few seconds.
II. RECONSTRUCTING THE IMAGES
The reconstruction of the 3D object from the measured projection data is performed using mathematical inverse algorithms. THz-wave CT borrows algorithms from the well-established field of X-ray CT. The filtered back-projection algorithm has long been the workhorse in this domain. It is used to invert the Radon transform to reconstruct the object of interest. For THzwave CT, the detected THz signal can be approximated by a line integral of the form
where P d (θ, t) is the detected THz signal at a projection angle, θ, and a horizontal offset from the axis of rotation, t. The incident THz signal is P t , L is the straight line between the source and detector, ω is the angular THz frequency, and n(x) is the unknown complex refractive index of the sample. The filtered back-projection algorithm is then used to compute n using the measured projection data. This method contains a number of implicit assumptions that are only valid in approximation, but it serves well when reconstructing objects of simple geometry.
Unlike traditional X-ray CT, which only measures the amplitude of the transmitted radiation, THz-wave CT measures the transmitted pulse shape. This allows us to gain more information about the object, such as the index of refraction. Using the timing (or phase) will reconstruct a refractive index map of the sample in 3D. Full reconstruction algorithms may use the Fourier transform of the measured THz pulses to reconstruct the frequency-dependent refractive index and absorption of the sample. This may then allow different materials to be identified.
To demonstrate the feasibility of 3D reconstruction, we have tested a hollow dielectric sphere using a 1 mm step size and 18 different projection angles (see Figure 3(a) ). The amplitude of the THz pulse for each projection was used to reconstruct the sphere as can be seen in Fig. 3(b) . The basic shape of the sphere and the affixed plastic rod is clearly visible. Part of the data was cut away to allow the interior to be viewed.
(a) (b) Fig. 3(a) . A hollow dielectric sphere is imaged using THz-wave CT. The sphere is attached to a plastic rod, which is rotated by the rotation stage. The sphere was scanned with a 1 mm step size, and a THz image was obtained for 18 different projection angles. 3(b) The amplitude of the THz pulse at each pixel of the sphere was used as the input to the filtered back-projection algorithm. Each horizontal slice of the sphere was reconstructed, and the slices were combined and rendered to form a 3D image.
(a) (b) Fig. 4. (a) . A piece of turkey bone is imaged using the THz-wave CT system. The fine structure inside the bone is of the order of the THz wavelength and therefore causes difficulties in reconstruction; 4(b). 3D image of the turkey bone. The reconstruction used the amplitude of the THz pulses at each pixel as the input to the filtered backprojection algorithm.
Figure 4(a) shows an optical photograph of a complex target, a piece of turkey bone. This sample was imaged using the THz-wave CT system, and the amplitude of the measured THz pulses was used to reconstruct the bone. It is obvious that although the outer profile has been reconstructed with reasonable accuracy, the fine internal structure was not recovered. The reconstructed 3D THz image is shown in Fig. 4(b) . Because of Abbe's principle, the fine structure of the inner bone could not be resolved.
III. THZ TOMOGRAPHIC IMAGING WITH A FRESNEL LENS
We have demonstrated small-scale 3D tomographic imaging using a silicon Fresnel lens (2-cm diameter, focal length f = 2.5 cm) and broadband THz pulses [39] . Fresnel lenses have a frequency dependent focal length. Thus, the distances to the objects become frequency-encoded, and depth-dependant images are formed at specific frequencies. This approach allows the reconstruction of an object's tomographic contrast image by assembling the frequency-dependent images, as shown in Figure 5 . 
IV. LIMITATIONS OF THZ TOMOGRAPHIC IMAGING
Current T-ray tomographic techniques are still limited to the small-scale laboratory. The bottleneck is the signal-to-noise ratio (SNR). Major limitations, which result from low SNR, include:
• Long data acquisition time: It takes many tens of minutes to hours to take one image.
• Short imaging distance: Current systems require small targets within tens of cm of the THz source.
• Limited T-ray power for large-scale imaging: Except free-electron lasers, most T-ray sources are relatively low power.
• Lack of THz-wave imaging components: Unlike in optical imaging, high quality T-ray imaging components, such as lenses and polarizers, are not well developed.
Other challenges that we must overcome in the design, assembly, and fabrication of the tomographic imaging system include the need for:
• A high-speed, high-voltage bipolar power supply: A power supply with ±100,000 V at 10 to 30 Hz rate for the photoconductive antenna.
• Large diameter plastic Fresnel binary lenses: A THz lens with a diameter up to 0.5 meter and a focal length of 2 meters for an imaging distance greater than 10 meters.
• Long distance temporal delay stage: A travel distance for more than 1 meter at 1 to 10 Hz, with target distance greater than 100 meter for pulsed THz imaging.
V. CONCLUSION
Imaging with a continuous wave laser has been successfully demonstrated previously in sub-mm wave range [40] [41] [42] [43] [44] [45] . To our best knowledge, pulsed THz wave has not been used for tomographic imaging applications. Potentially, the coherent measurement of time-domain with phase and timing data provides tomographic imaging with spectroscopic information.
